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We show that the optical force field in optical tweezers with elliptically polarized beams has the
opposite handedness for a wide range of particle sizes and for the most common configurations. Our
method is based on the direct observation of the particle equilibrium position under the effect of a
transverse Stokes drag force, and its rotation around the optical axis by the mechanical effect of the
optical torque. We find overall agreement with theory, with no fitting, provided that astigmatism,
which is characterized separately, is included in the theoretical description. Our work opens the way
for characterization of the trapping parameters, such as the microsphere complex refractive index
and the astigmatism of the optical system, from measurements of the microsphere rotation angle.
I. INTRODUCTION
Negative optical forces are at the origin of single-beam
optical traps [1], also known as optical tweezers, which
have become extremely important tools in several fields
of physics [2] and cell biology [3]. The optical torque
(OT) on a transparent and isotropic microsphere at its
equilibrium position vanishes [4, 5], since Mie scattering
conserves optical angular momentum (AM) when the mi-
crosphere is aligned along the beam symmetry axis [6].
However, if the microsphere is displaced laterally, optical
AM might be transferred to the microsphere center of
mass [7].
In this paper, we show, both theoretically and exper-
imentally, that the resulting orbital optical torque (OT)
points along the direction opposite to the incident field
AM in most situations involving practical applications of
optical tweezers with circularly or elliptically polarized
Gaussian trapping beams.
Negative or left-handed OT is analogous to the neg-
ative optical force in single-beam traps. An oblate
spheroid was predicted to spin around the axis of a circu-
larly polarized Gaussian beam with the opposite handed-
ness of the incident optical AM [8]. Additional propos-
als for implementation include the employment of chi-
ral media [9, 10] and particle arrays with discrete rota-
tional symmetry [11]. A negative OT was theoretically
predicted for a small isotropic particle illuminated by a
vortex beam in the Rayleigh scattering approximation
[12]. Reverse orbiting of non-spherical particles confined
on a 2D interface was observed by employing Laguerre-
Gaussian vortex beams [13]. Negative OT was demon-
strated for a macroscopic inhomogenous and anisotropic
disk by measuring the rotationally Doppler-shifted re-
flected light [14, 15] and more recently by the direct ob-
servation of the disk rotation [16].
A pioneering paper [17] demonstrated positive OT on
optically trapped birefringent particles by elliptically po-
larized light. An extension to isotropic transparent non-
spherical particles was reported in [18]. Important appli-
cations to cell biology are reviewed in [19]. Conversion
from optical spin AM to mechanical orbital AM has been
demonstrated by focusing a Gaussian beam with circular
polarization [20]. Positive or negative OT was observed
depending on the configuration of an array of particles
[21–23]. The optical force field is non-conservative on ac-
count of the azimuthal force component responsible for
the OT and the resulting Brownian motion is a rich plat-
form for investigating non-equilibrium effects [7, 24].
Here we measure the mechanical effect of the OT by
monitoring the microsphere equilibrium position laterally
displaced by an external Stokes drag force, as a function
of the helicity of the elliptically polarized trapping beam.
Since the particle is displaced off-axis, an OT appears,
and as a consequence the equilibrium position is rotated
around the beam axis. Our experimental and theoretical
results indicate that the OT turns out to be negative in
most cases of practical interest provided that the trap-
ping beam is not very astigmatic.
II. EXPERIMENTAL PROCEDURE
Fig. 1 is a diagram of our experimental setup. A
TEM00 laser beam (IPG photonics, model YLR-5-
1064LP) with wavelength λ0 = 1064 nm, linearly polar-
ized along the x direction, goes through a quarter wave-
plate (QW) after reflection by mirrors M1 and M2, that
are employed to control the beam position. The fast axis
of the QW makes an angle θ with the x direction and
the beam propagates along the positive z direction. The
laser beam is then directed to a beam expander, consist-
ing of lens L1 with focal distance f1 = (19.0 ± 0.1) mm
and lens L2 with focal distance f2 = (50.2 ± 0.1) mm.
The expanded beam, with waist w = (5.82± 0.08) mm is
reflected by a dichroic mirror (M3) and directed to the
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2FIG. 1: Schematic diagram of the experimental setup. The
sample is displaced along the x direction. Because of the
OT, the microsphere equilibrium position is displaced off-axis
along a direction rotated by an angle α. The off-axis displace-
ment, which is smaller than the radius, is exaggerated for
clarity. The inset shows the angle θ between the fast axis of
the quarter-wave plate (QW), represented by a dashed line,
and the polarization direction of the laser beam along the x
axis.
entrance of a Nikon PLAN APO, 100x, NA = 1.4, oil-
immersion objective with back aperture radius Robj =
(3.15 ± 0.05) mm, of a Nikon TI-U infinity-corrected in-
verted microscope. The total objective transmittance
[25], including the apodization loss due to overfilling the
objective back aperture, is (7, 3 ± 0, 6)%. The beam is
focused onto a sample chamber topped by an O-ring,
placed on a coverslip, containing a water suspension of
polystyrene microspheres. Control of the microsphere
height is critical for comparison with theory because
of the spherical aberration introduced by refraction at
the glass-water interface [26]. We follow the procedure
of [27, 28]. We first move the objective down until the
trapped microsphere touches the coverslip. Starting from
this configuration, we then displace the objective up-
wards by distances (3.0±0.5)µm and (7.0±0.5)µm when
trapping microspheres of radii a = (0.50± 0.02)µm and
a = (1.50±0.04)µm, respectively. The laser beam power
at the objective entrance port was (352± 1) mW for the
smaller sphere and (1140± 3) mW for the larger one.
In order to displace the microsphere off-axis and pro-
duce an OT, the sample is alternately driven along
positive and negative x directions by a piezoelectric
nano-positioning stage (Digital Piezo Controller E-710,
Physik Instrumente). Three different speeds are em-
ployed: 500µm/s, 300µm/s and 125µm/s, defining the
cycle shown in Fig. 2(a) that is repeated over time. Im-
ages of the entire process are recorded by a CMOS camera
(Hamamatsu Orca-Flash2.8 C11440-10C) for data anal-
ysis.
The resulting Stokes drag force displaces the trapped
microsphere off-axis. Since the trapping beam transfers
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FIG. 2: (a) The sample is driven by the triangle wave
xsample(t) that is repeated over time. (b) The resulting Stokes
drag force FS displaces the microsphere off-axis, allowing for
the transfer of optical AM. The equilibrium position is ro-
tated by an angle α = arctan(Fφ/Fρ), with Fφ and Fρ de-
noting cylindrical optical force components. (c) Microsphere
positions on the xy plane under the effect of a Stokes drag
force FS along the x direction. Each lump of points corre-
sponds to a given value for FS defined by the sample velocity.
Data are shown for three different values of the QW angle θ :
0o (blue), 45o (green) and 135o (red), corresponding to linear,
circular σ− and circular σ+ polarizations, respectively. The
microsphere radius is a = (0.50± 0.02)µm. The rotation an-
gle α is obtained from a linear fit of all points corresponding
to a given θ.
AM to the sphere, its equilibrium position gets displaced
to a direction on the xy plane rotated around the z axis
by an angle α with respect to the x axis, as depicted in
Fig. 2(b). In Fig. 2(c), we show experimental data for the
microsphere position on the xy plane, for a microsphere
of radius a = (0.50 ± 0.02)µm and θ = 0 (blue), 45o
(green) and 135o (red). Points corresponding to a given
sample speed appear to be lumped together as expected.
We measure α from a linear fit of all points corresponding
to a given θ (the transverse stiffness can also be obtained
and the results are compatible with theoretical MDSA+
values [29, 30]). We intentionally rotate the camera by
∼ 30o with respect to the axes of the microscope stage
so as to have comparable displacements along x and y
axes. We then determine an offset for α, representing
the angle of rotation of the camera with respect to the
direction of the sample displacement, by taking the aver-
age of the values found for θ = 0o, 90o and 180o (linear
polarization), which are measured twice as often as for
the other values of θ corresponding to non-zero helicities.
The axes shown in Fig. 2(c) were rotated accordingly.
The optical force balancing the Stokes force has radial
and azimuthal cylindrical components Fρ and Fφ, with
Fφ accounting for the OT, as illustrated in Fig. 2(b).
The rotation angle is given by α = arctan(Fφ/Fρ). We
compare the experimental results for the rotation angle α
with theoretical results for the optical force components.
The ratio between the cylindrical optical force compo-
nents is calculated with the help of the Mie-Debye spher-
3ical aberration (MDSA) theory of optical tweezers [28],
either with (MDSA+) [29, 30] or without the inclusion
of astigmatism, as discussed in the next section.
III. MDSA THEORY
The Mie-Debye theory of optical tweezers [31, 32] relies
on the electromagnetic generalization of Debye’s scalar
model for a diffraction-limited focused optical beam de-
rived by Richards and Wolf [33]. The focused laser beam
incident on the microsphere is decomposed into an an-
gular spectrum of plane waves and the results are valid
well beyond the validity range of the paraxial approxima-
tion. The standard Mie scattering results are adapted for
a general direction of incidence by developing the mul-
tipolar expansion of a plane wave propagating along an
arbitrary direction with the help of the Wigner rotation
matrix elements. The scattered field is then obtained as
a superposition of the contributions from all plane-wave
components of the non-paraxial focused beam. The opti-
cal force on the sphere F is finally obtained by integrat-
ing the Maxwell stress tensor over a spherical surface at
infinity.
Within MDSA, the model for the nonparaxial focused
beam is built from the expression for the paraxial beam
at the objective entrance port, taking into account the
spherical aberration introduced by refraction at the pla-
nar interface between the glass slide and sample aqueous
solution. We assume the laser beam at the entrance port
to be Gaussian with a planar wavefront. The elliptical
polarization at the entrance port is defined by the angle
θ between the fast axis of QW and the original linear
polarization direction along the x axis, as depicted in the
inset of Fig. 1:
Eport(ρ, φ, z) = Ep e
ik0ze−
ρ2
w2
∑
σ=+,−
1− ie−2iσθ
2
ˆσ (1)
where Ep is electric field amplitude at the center of the
objective entrance port and k0 = 2pi/λ0. ˆσ = (xˆ +
iσyˆ)/
√
2 are the unit vectors for right-handed (σ = −1)
and left-handed (σ = +1) circular polarizations, which
are obtained by taking the fast axis at θ = pi/4 and
θ = 3pi/4, respectively.
The multipole expansion of the focused beam, which
plays the role of the incident field on the microsphere, is
simpler for circular polarization. A general polarization
state can be readily obtained by writing the incident field
as a superposition of σ+ and σ− circular polarizations, as
illustrated by Eq. (1) for the elliptical polarization pro-
duced by QW (see also [34] for a detailed derivation for
linear polarization). Since the Maxwell stress tensor is
quadratic in the electric and magnetic fields, F contains
cross terms in addition to the result for circular polar-
ization. For the elliptical polarization (1), the azimuthal
force component when the sphere center is at position
(ρ, φ, z) is given by
Fφ = −Fσ+(ρ, z) sin(2θ) +Fcr(ρ, z) cos(2θ) sin[2(φ− θ)].
(2)
The first term on the right-hand-side of (2) accounts for
the transfer of spin AM to the microsphere center-of-
mass, and Fσ+ is the azimuthal force component when
taking circular polarization σ+ (θ = 3pi/4). Its explicit
partial-wave expansion is given in [28]. The transfer of
AM is modulated by the optical helicity − sin(2θ) and is
simply reversed when replacing θ → −θ as expected. In
the particular case of circular polarization, the focused
spot is rotationally symmetric around the z axis and all
cylindrical force components are independent of φ.
On the other hand, when the polarization at the en-
trance port is elliptical, the non-paraxial focal spot (elec-
tric energy density map) is elongated along the major
axis of the polarization ellipse (a similar effect is dis-
cussed in [33] for linear polarization). In our case, the el-
lipse principal axes lie along the directions θ and θ+pi/2
defined by QW, and as a consequence the gradient of the
electric energy density contains an azimuthal component
depending on φ − θ in addition to the usual radial one.
Thus, the gradient is radial only along the directions of
the major axes: φ− θ = npi/2 with n integer. Although
the optical force is not in general proportional to the
gradient of the electric energy density (due to the con-
tribution of higher multipoles in addition to the electric
dipole one), the same symmetry properties of the opti-
cal force field still hold as in the Rayleigh limit. Thus,
the nonparaxial spot elongation is the source of the sec-
ond term on the r.-h.-s. of (2), which indeed vanishes for
φ − θ = npi/2 and in the case of circular polarization.
More specifically, Fcr(ρ, z) results from the cross contri-
bution σ+ ·σ− obtained when computing the optical force
from the Maxwell stress tensor as discussed previously.
Its explicit partial-wave expansion is given in Appendix
A.
IV. RESULTS
We start with the theoretical results derived within
MDSA and MDSA+ for the parameters and condi-
tions corresponding to our experiment. As shown in
Fig. 2(c), they correspond to small off-axis displace-
ments, ρ < a, allowing us to approximate Fφ(ρ, φ, z) ≈
κφ(φ, z)ρ in terms of the torsion constant, defined as
κφ = (∂Fφ/∂ρ)|ρ=0. Note that the orbital OT vanishes
when the sphere center is aligned along the beam symme-
try axis (ρ = 0). On the other hand, even in this case AM
may still be transferred and lead to spinning of absorbing
spheres, which is outside our current experimental reach.
Therefore, it is not considered in this paper. In Fig. 3, we
plot the variation of κφ (in units of the laser beam power
P in the sample region) with the microsphere radius a,
at the focal plane z = 0, for left-handed (σ+) circular
polarization at the objective entrance port.
4In all three examples shown in Fig. 3, we have taken
Re(nsphere) = 1.576 for the real part of the micro-
sphere refractive index, corresponding to polystyrene at
λ0 = 1064 nm [35]. The dashed and solid lines represent
the results of MDSA theory, which neglects optical aber-
rations other than the spherical aberration introduced by
refraction at the glass slide planar interface. We assume
the paraxial focal plane to be at a distance 3a from the
glass slide.
When the imaginary part of the refractive index is suf-
ficiently large, we expect κφ to be positive for all mi-
crosphere radii, since the positive optical AM is then
transferred to the microsphere by absorption. We illus-
trate this case by taking Im(nsphere) = 0.5 (dashed line).
On the other hand, for polystyrene, with Im(nsphere) =
0.0011 [35], scattering dominates over absorption, and
the OT has the sign opposite to the input spin AM for
most of the range of radii shown in Fig. 3 (solid line). We
conclude that the scattered field carries AM in excess of
the incident trapping beam AM in such cases, thus lead-
ing to a negative OT.
For small spheres in the Rayleigh limit, a  λ0, the
OT is dominated by extinction rather than by the an-
gular momentum transfer to the scattered field, so that
the OT is positive, as shown in Fig. 3. Thus, small mi-
crospheres behave as local probes of the incident beam
AM, producing negligible scattering. As a consequence,
the OT has the same handedness as the laser beam at
the objective entrance port.
In the opposite range of large spheres, a  λ0, the
geometrical optics result is recovered as an average over
wave-optical interference oscillations [32]. Such oscilla-
tions are suppressed when absorption is large (dashed
line), but are clearly visible in the case of polystyrene
(solid line). For transparent spheres, the OT vanishes
in the geometrical optics limit (see Appendix E of [32]),
so that the OT oscillates between positive and negative
values. At the crossover between the Rayleigh and ge-
ometrical optics ranges, the OT develops a remarkable
negative peak for transparent materials (solid line).
As found for the transverse trap stiffness κρ =
−(∂Fρ/∂ρ)|ρ=0, such peak is severely modified by op-
tical aberrations additional to the spherical aberration
already taken into account in MDSA theory. Indeed, the
astigmatism introduced by small misalignments in the ex-
perimental setup typically degrades the focal region thus
leading to a reduction of κρ [29, 30, 36] in the peak re-
gion, located at the crossover between the Rayleigh and
geometrical optics regions. The effect of astigmatism on
κφ(φ = φast) (φast = axis angular position) is shown by
the dotted curve in Fig. 3. We have employed MDSA+
theory with the Zernike amplitude Aast = 0.25 obtained
by measurements of the reflected focal spot [30], as de-
tailed in Appendix B. Explicit expressions for the optical
force within MDSA+ are given in Appendix C.
Fig. 3 shows that even a small amount of astigma-
tism not only suppresses the negative peak found in the
ideal MDSA case, but also changes the sign of κφ from
sphere radius (µm)

 
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FIG. 3: Optical torsion constant κφ per unit power ver-
sus microsphere radius. The laser beam is left-handed
(σ+) circularly polarized. MDSA (zero astigmatism) results
for polystyrene (solid) and for an absorptive material with
Im(nsphere) = 0.5 (dashed). MDSA+ results for polystyrene
with astigmatism amplitude Aast = 0.25 (dotted).
negative to positive (and hence with the same hand-
edness as the spin AM at the objective entrance port)
on the lower side of the peak region, thereby extend-
ing the positive Rayleigh region to larger values of ra-
dius. Thus, a practical implementation of the OT re-
versal with polystyrene microspheres requires astigma-
tism to be sufficiently small, and microsphere radii in
the range 0.4µm <∼ a <∼ 2µm. We have measured the ro-
tation angle α produced by the OT for two sphere sizes
in this range.
In Fig. 4, we plot α versus the QW angle θ. Since the
off-axis displacements and the rotation angles are small,
we can approximate α ≈ κφ/κρ. When computing κφ
from Eq. (2), we take φ = 0 since the Stokes force is ap-
plied along the x direction. Within MDSA+, a more in-
volved expression is used (see Supplement 1). Because of
spherical aberration, the theoretical predictions depend
of the focal height from the glass slide. We first find
the focal height leading to an equilibrium position such
that the microsphere is touching the glass slide. Then,
we add the height corresponding to the objective upward
displacement in order to mimic the experimental proce-
dure [30]. Fig. 4a shows experimental results for a micro-
sphere of radius a = (0.50± 0.02)µm, together with the
theoretical curves based either on MDSA (dotted line)
or MDSA+ (solid line) with the aforementioned astig-
matism amplitude and φast = 1
o measured for our setup.
According to Eq. (2), the theoretical curves deviate from
a pure sinusoidal function proportional to sin 2θ, which
is directly associated to the transfer of spin AM to the
microsphere, because of the cross σ+ · σ− term associ-
ated to the focal spot asymmetry, which is proportional
to sin 4θ. The relative contribution of the spot asymme-
try is smaller when astigmatism is taken into account,
as expected since optical aberrations degrade the focal
region and thus tend to average out the energy density
distribution.
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FIG. 4: Microsphere rotation angle α versus quarter wave-
plate angle θ. Circles with error bars: experimental data.
Solid line: MDSA+ theory (no fitting) and microsphere radii
(a) 0.5µm and (b) 1.5µm. The dotted line in (a) corresponds
to MDSA (zero astigmatism), while the dashed line in (b) is
computed with MDSA+ neglecting absorption.
We find overall good agreement with MDSA+ theory,
with no fitting parameters. The residual disagreement
with the experimental data shown in Fig. 4(a) indicates
that our theory slightly overestimates the spot asymme-
try effect, so that the experimental curve is closer to a
pure sinusoidal function proportional to sin 2θ than the
MDSA+ one. In particular, the latter predicts a (small)
rotation with the same handedness as the elliptical polar-
ization for 0o < θ <∼ 30o and 150o <∼ θ < 180o. However,
the experimental data display a rotation opposite to the
polarization handedness (given by the sign of − sin 2θ)
for all measured values of θ.
In Fig. 4(b), both theoretical curves are calculated with
MDSA+ for the microsphere radius 1.5µm. In addition
to the solid line corresponding to polystyrene, we also
show the result for zero absorption (dashed). Although
the sphere diameter is much smaller than the attenu-
ation length ≈ 77µm for polystyrene, Fig. 4(b) shows
that absorption has a significant effect on the rotation
angle (while it is irrelevant for the 0.5µm microsphere).
As expected, absorption tends to decrease the OT rever-
sal. When compared to experimental data, the theoret-
ical prediction based on the value Im(nsphere) = 0.0011
reported by [35] slightly overestimates the magnitude of
α.
V. CONCLUSION
In conclusion, we have demonstrated a negative OT
on trapped polystyrene microspheres by measuring the
rotation of the particle equilibrium position under the
effect of a Stokes drag force. Good agreement was found
between our experimental data and MDSA+ theoretical
predictions for the rotation angle, with no fitting. Our
method could be applied to characterize the absorption
of the trapped sphere material, a property difficult to ac-
cess experimentally, as well as the degree of astigmatism
present in the optical setup, given that the microsphere
rotation angle is very sensitive to those parameters.
The negative OT can be seen as an example of spin-
orbit interaction (see [37] for a recent review). Our ex-
periment indeed involves two well-known mechanisms for
spin-orbit coupling: nonparaxial focusing [38, 39] and
scattering [40]. However, there is an important distinc-
tion between these two effects. Whereas focusing con-
serves the total optical AM [39, 40], scattering by the
microsphere laterally displaced with respect to the beam
symmetry axis generates the optical AM excess which is
responsible for the negative OT on the sphere center-of-
mass. Since the scattered spin AM cannot be further
enhanced with respect to the spin AM of our circularly-
polarized paraxial Gaussian beam at the the objective
entrance port, the excess AM is necessarily orbital.
As a perspective for future work, employing Laguerre-
Gauss vortex beams at the objective entrance port might
open the way for a richer environment, where incident
orbital and spin AM would be simultaneously set to play.
Moreover, employing a laser beam with a larger AM per
photon might enhance the magnitude of the negative OT.
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Appendix A MDSA THEORY OF THE OPTICAL
FORCE IN OPTICAL TWEEZERS
We first define the dimensionless efficiency factor [41]
Q(ρ, φ, z) =
F
nwP/c
(3)
where F is the optical force at position (ρ, φ, z) in cylin-
drical coordinates, P is the laser beam power at the sam-
ple region, nw is the refractive index of the immersion
fluid (water in our setup) and c is the speed of light. The
position of the microsphere center (in cylindrical coordi-
nates) (ρ, φ, z) is measured with respect to the paraxial
focus.
There are two separate contributions to the efficiency
factor:
Q = Qs + Qe. (4)
Qe is the rate of momentum removal from the incident
trapping beam, whereas −Qs represents the rate of mo-
mentum transfer to the scattered field.
We compute the efficiency factor for the elliptical po-
larization produced by a quarter-wave plate whose fast
axis makes an angle θ with the direction of linear polar-
ization of the incident laser beam. The azimuthal com-
6ponent of Q contains a term proportional to the helicity∑
σ=+,−
σ |(1− ie−2iσθ)/2|2 = − sin(2θ). (5)
and a second term associated to the spot asymmetry
when the polarization is not circular:
Qφ(ρ, φ, z) = −Qσ+(ρ, z) sin 2θ+Qcr(ρ, z) cos 2θ sin[2(φ−θ)],
(6)
Qσ+ corresponds to σ
+ circularly-polarized trapping
beams. Its partial-wave expansion is given in [28].
As in the case of linear polarization [34], the second
term in the r.-h.-s. of (6) results from the cross contri-
bution σ+ ·σ− that appears when the polarization is not
circular. Following (4), we write Qcr = Q
(cr)
s +Q
(cr)
e . The
scattering contribution is given by
Q(cr)s (ρ, z) = −
4γ2
AN
∞∑
j=1
j∑
m=−j
√
j +m+ 1
j + 1
Im
[√
j(j + 2)(j +m+ 2)(aja
∗
j+1 − bjb∗j+1)×
(Gj,−mG∗j+1,m+1 −Gj,mG∗j+1,−m−1)−
(2j + 1)
√
(j −m)
j
ajb
∗
j Re(Gj,mG
∗
j,−(m+1) +Gj,m+1G
∗
j,−m)
]
. (7)
The extinction term is written as
Q(cr)e (ρ, z) = −
2γ2
AN
Im
∞∑
j=1
j∑
m=−j
(2j + 1)(aj − bj)Gj,m
(
G+j,−(m+1) +G
−
j,−(m−1)
)∗
. (8)
The fraction of power transmitted into the sample chamber is given by
A = 16γ2
∫ sin θ0
0
ds s exp(−2γ2s2)
√
(1− s2) (N2 − s2)(√
1− s2 +√N2 − s2)2 (9)
with sin θ0 = min{N,NA/nglass} and N = nw/nglass (nglass = refractive index of the glass slide). The parameter
γ = f/w is the ratio between the objective focal length and the beam waist at the entrance aperture of the objective.
The Mie coefficients aj and bj represent the scattering amplitudes for electric and magnetic multipoles, respectively
[42].
The multipole coefficients appearing in (7) are given by:
Gj,m =
∫ θ0
0
dθk sin θk
√
cos θke
−γ2 sin2 θkdjm,1(θw)T (θ)Jm−1(kρ sin θk)e
iΦg−w(θk)eikwz cos θw , (10)
with k = 2pinglass/λ0, kw = Nk, and sin θw = sin θk/N.
djm,1(θw) are the Wigner finite rotation matrix elements
[43] evaluated at the angle θw in the immersion fluid and
Jm(x) are the cylindrical Bessel functions [44]. Refrac-
tion at the interface between the glass slide and the im-
mersion fluid introduces the Fresnel transmission ampli-
tude
T (θk) =
2 cos θk
cos θk +N cos θw
(11)
and the spherical aberration phase [26] (L = height of
paraxial focus with respect to the glass slide)
Φg−w(θk) = k
(
− L
N
cos θk +NL cos θw
)
. (12)
The extinction contribution (8) is written in terms of
the coefficients
G±j,m =
∫ θ0
0
dθ sin θk sin θw
√
cos θke
−γ2 sin2 θkdjm±1,1(θw)×
T (θk)Jm−1(kρ sin θk)eiΦg−w(θk)eikwz cos θw . (13)
Appendix B CHARACTERIZATION OF
PRIMARY ASTIGMATISM
Small misalignments in our optical system introduce
astigmatism into the trapping beam. As a consequence,
the focused beam angular spectrum contains a Zernike
7phase [45]
Φast(θk, φk) = 2piAast
(
sin θk
sin θ0
)2
cos[2(φk − φast)]. (14)
We characterize the amplitude Aast and the axis angular
position φast in our setup by employing the method de-
scribed in [30]. We replace our sample by a mirror that
reflects the laser beam back towards the objective. The
laser spot image is conjugated by the microscope tube
lens onto a a CMOS camera (Hamamatsu Orca-Flash2.8
C11440-10C) for data analysis. We employ the piezo-
electric nanopositioning system PI (Digital Piezo Con-
troller E-710, Physik Instrumente, Germany) to move
the mirror across the focal region with controlled velocity
V = 100 nm/s.
FIG. 5: Normalized intensity at the spot center as a function
of the mirror axial position z0 : experimental data (points)
and theoretical model (solid line). The astigmatism ampli-
tude Aast = 0.25± 0.04 is found as a fitting parameter.
The spot changes as a function of the mirror position
z0. φast is defined as the angle between the spot major
axis and the x axis when the mirror is placed at the
tangential focus. We also measure the value of φast + 90
o
by considering the direction of the major axis when the
mirror is placed at the sagittal focus. We have analyzed
five images at each focus and found φast = (1± 1)o.
To determine the astigmatism amplitude Aast, we fit
(least square method) the light intensity at the center
of the spot as function of z0, as shown in Fig. 5. The
theoretical curve is obtained from the nonparaxial prop-
agation through the optical system [46] as described in
detail elsewhere [30]. We find Aast = 0.25± 0.04.
Appendix C MDSA+ THEORY
Once the astigmatism parameters are characterized
(see previous section), we are able to compute the optical
force by generalizing MDSA theory in order to take such
primary aberration into account (MDSA+) [30]. Since
the astigmatism phase (14) is not rotationally symmetric
around the axis, Eq. (6) no longer holds, and the op-
tical force field has a more complex dependence on the
microsphere angular coordinate φ.
Explicit expressions for the cylindrical components are
given below. The microsphere position (ρ, φ, z) is now
measured with respect to the diffraction focus. We em-
ploy the notation
∑
jmσ
≡
∞∑
j=1
j∑
m=−j
∑
σ=−1,1
Scattering force
Qsz = − 4γ
2
AN
Re
∑
jmσ
√
j(j + 2)(j +m+ 1)(j −m+ 1)
j + 1
×
[
(aja
∗
j+1 + bjb
∗
j+1)×
G
(σ)
j,mG
(σ)∗
j+1,m(1− σ sin 2θ) + (aja∗j+1 − bjb∗j+1)G(σ)j,mG(−σ)∗j+1,m cos 2θ ei2σ(φ−θ)
]
− 4γ
2
AN
Re
∑
jmσ
(2j + 1)
j(j + 1)
mσajb
∗
j
(
|G(σ)j,m|2(1− σ sin 2θ)−G(σ)j,mG(−σ)j,m ∗ cos 2θ ei2σ(φ−θ)
)
, (15)
Qsρ =
2γ2
AN
∑
jmσ
√
j(j + 2)(j +m+ 1)(j +m+ 2)
j + 1
× Im
{
(aja
∗
j+1 + bjb
∗
j+1)×
[
G
(σ)
j,mG
(σ)∗
j+1,m+1 +G
(σ)
j,−mG
(σ)∗
j+1,−(m+1)
]
(1−σ sin 2θ)+(aja∗j+1−bjb∗j+1)
[
G
(σ)
j,mG
(−σ)∗
j+1,m+1 +G
(σ)
j,−mG
(−σ)∗
j+1,−(m+1)
]
cos 2θ ei2σ(φ−θ)
}
8− 4γ
2
AN
∑
jmσ
(2j + 1)
j(j + 1)
σ
√
(j −m)(j +m+ 1)
[
Re(ajb
∗
j )Im(G
(σ)
j,mG
(σ)∗
j,m+1(1− σ sin 2θ))+
Im(ajb
∗
j )Re(G
(σ)
j,m+1G
(−σ)∗
j,m cos 2θ e
i2σ(φ−θ))
]
(16)
Qsφ = − 2γ
2
AN
∑
jmσ
√
j(j + 2)(j +m+ 1)(j +m+ 2)
j + 1
× Re
{
(aja
∗
j+1 + bjb
∗
j+1)×
[
G
(σ)
j,mG
(σ)∗
j+1,m+1 −G(σ)j,−mG(σ)∗j+1,−(m+1)
]
(1− σ sin 2θ) + (aja∗j+1 − bjb∗j+1)
[
G
(σ)
j,mG
(−σ)∗
j+1,m+1 −G(σ)j,−mG(−σ)∗j+1,−(m+1)
]
cos 2θ ei2σ(φ−θ)
}
+
4γ2
AN
∑
jmσ
(2j + 1)
j(j + 1)
σ
√
(j −m)(j +m+ 1)
[
Re(ajb
∗
j )Re(G
(σ)
j,mG
(σ)∗
j,m+1(1− σ sin 2θ))+
Im(ajb
∗
j )Im(G
(σ)
j,m+1G
(−σ)∗
j,m cos 2θ e
i2σ(φ−θ))
]
. (17)
Extinction force
Qez =
2γ2
AN
Re
∑
jmσ
(2j + 1)G
(σ)
j,m
[
(aj + bj)G
C,(σ)
j,m
∗(1− σ sin 2θ) + (aj − bj)GC,(−σ)j,m ∗ cos 2θ ei2σ(φ−θ)
]
, (18)
Qeρ =
γ2
AN
Im
∑
jmσ
(2j + 1)G
(σ)
j,m
[
(aj + bj)
(
G
−,(σ)
j,m+1 −G+,(σ)j,m−1
)∗
(1− σ sin 2θ)
+(aj − bj)
(
G
−,(−σ)
j,m+1 −G+,(−σ)j,m−1
)∗
cos 2θ ei2σ(φ−θ)
]
(19)
Qeφ = − γ
2
AN
Re
∑
jmσ
(2j + 1)G
(σ)
j,m
[
(aj + bj)
(
G
+,(σ)
j,m−1 +G
−,(σ)
j,m+1
)∗
(1− σ sin 2θ)
+(aj − bj)
(
G
+,(−σ)
j,m−1 +G
−,(−σ)
j,m+1
)∗
cos 2θ ei2σ(φ−θ)
]
, (20)
Multipole coefficients
G
(σ)
jm(ρ, φ, z) =
∫ θ0
0
dθk sin θk
√
cos θk e
−γ2 sin2 θk T (θk) djm,σ(θw) f
(σ)
m (ρ, φ, θk) e
i[Φg−w(θk)+kw cos θwz], (21)
G
C,(σ)
j,m (ρ, φ, z) =
∫ θ0
0
dθk sin θk cos θw
√
cos θk e
−γ2 sin2 θkT (θk)djm,σ(θw)f
(σ)
m (ρ, φ, θk)e
i[Φg−w(θ)+kw cos θwz] (22)
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±,(σ)
j,m (ρ, φ, z) =
∫ θ0
0
dθk sin θk sin θw
√
cos θk e
−γ2 sin2 θkT (θk)d
j
m±1,σ(θw)f
(σ)
m (ρ, φ, θk)e
i[Φg−w(θ)+kw cos θwz], (23)
For astigmatic beams, the multipole coefficients written above contain an additional series involving cylindrical
Bessel functions:
f (σ)m (ρ, φ, θk) =
∞∑
s=−∞
(−i)sJs
(
2piAast
sin2 θk
sin2 θ0
)
J2s+m−σ(kρ sin θk) e2is(φast−φ). (24)
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